1. Introduction {#sec0005}
===============

Feline coronavirus (FCoV) belongs to the alpha coronaviruses of the family Coronaviridae. FCoV is classified into serotypes I and II according to Spike (S) protein properties ([@bib0095], [@bib0160], [@bib0165]). Each of these types consists of two viruses: feline infectious peritonitis (FIP)-causing FIP virus (FIPV) and non-FIP-causing feline enteric coronavirus (FECV) ([@bib0200]). FIPV and FECV of the same serotype cannot be distinguished by their antigenicity or at the gene level, and differ only in their pathogenicity for cats ([@bib0190]). Cats that developed FIP were affected in several organs, including the liver, lungs, spleen, and central nervous system, forming lesions accompanied by necrosis and pyogenic granulomatous inflammation. In some cats, pleural effusion and ascitic fluid accumulated. When anti-FCoV antibody-positive cats are inoculated with FIPV, the onset time of FIP is earlier than that in antibody-negative cats, and symptoms are severer ([@bib0025], [@bib0040], [@bib0190], [@bib0200], [@bib0235], [@bib0255]). These results of experimented studies suggest that antibody-dependent enhancement (ADE) of FIPV infection can be a serious obstacle to the prevention of FIP by vaccination.

FCoV S protein is considered as a class I fusion protein, similarly to those of other coronaviruses (severe acute respiratory syndrome-coronavirus, mouse hepatitis virus, and transmissible gastroenteritis coronavirus) ([@bib0045], [@bib0180]). The S protein exists as radially protruding trimers on the viral envelope, and can be structurally or functionally divided into two domains, namely the S1 and S2 domains, representing the N-terminal globular head and C-terminal membrane-bound stalk, respectively. The C-terminal S1 domain contains the receptor-binding domain (RBD), neutralizing antibody-binding epitope, and ADE epitope ([@bib0055], [@bib0060], [@bib0085], [@bib0110], [@bib0115], [@bib0125], [@bib0185]). The N-terminal S2 domain sequentially contains putative fusion peptide and is responsible for driving viral and target cell membrane fusion.

Over the past forty years, several studies have investigated potential treatments for FIP ([@bib0065]). Antiviral, immunostimulating, and immunosuppressive drugs have been experimentally used for the treatment of FIP, but few of these have exhibited a sufficient therapeutic effect. Several agents that significantly inhibit FCoV replication in vitro have been identified ([@bib0030], [@bib0035], [@bib0120], [@bib0130], [@bib0240], [@bib0245]). Peptides based on viral protein amino acid sequences have recently been attracting attention as new antiviral drugs. These peptides bind to viral proteins or receptors on cells and inhibit viral infections. A HIV infection-inhibiting peptide with a HIV-derived sequence is currently used in the human medical field to treat patients with HIV ([@bib0070]). This peptide specifically binds to the HIV fusion protein and blocks cell membrane fusion induced by the fusion protein. Furthermore, a peptide with a sequence derived from the RBD of Japanese encephalitis virus (JEV) specifically binds to the virus receptor on cells and competitively inhibits JEV infection, clarifying that peptides with viral protein-derived sequences inhibit viral infections by binding to the virus and virus receptor ([@bib0145], [@bib0140]). [@bib0150] reported that an FIPV fusion protein-derived peptide exhibited an antiviral effect. Although an FIPV RBD-derived peptide may exhibit antiviral activity, this has not yet been investigated. If an RBD-derived peptide with antiviral activity can be identified, it may be applicable as an antiviral agent against FIPV.

In the present study, we synthesized overlapping peptides based on the amino acid sequence of the S1 domain of the type I FIPV strain KU-2 S protein, in which the presence of RBD is expected. We also investigated the inhibition of type I FIPV infection by these peptides using a plaque assay. The inhibition of type II FIPV infection by these peptides was also examined.

2. Materials and methods {#sec0010}
========================

2.1. Peptide synthesis {#sec0015}
----------------------

Thirty different peptide sequences derived from the S1 domain of type I FIPV strain KU-2 ([Table 1](#tbl0005){ref-type="table"} ) were synthesized at Sigma--Aldrich (U.S.A.). Peptides were synthesized as 20-mer fragments with 10-amino-acid overlap. The peptides were dissolved in 100% dimethyl sulfoxide (DMSO) at 10 mM, aliquoted, and stored at −80 °C. As the solvent control, DMSO was diluted with medium using the same method as for the preparation of peptide stock solutions.Table 1Amino acid sequence of the peptides derived from the S1 domain of FIPV.Peptide no.Amino acid sequenceStart positionIsoelectric pointI-S1-1VTDFQPANNSVSHIPFGKTAS 3917.37I-S1-2VSHIPFGKTAHFCFANFSHSS 4018.412I-S1-3HFCFANFSHSIVSRQFLGILS 4118.413I-S1-4IVSRQFLGILPPTVREFAFGS 42110.185I-S1-5PPTVREFAFGRDGSIFVNGYS 4316.459I-S1-6RDGSIFVNGYKYFSLPAIRSS 4419.986I-S1-7KYFSLPAIRSVNFSISSVEES 4516.517I-S1-8VNFSISSVEEYGFWTIAYTNS 4613.475I-S1-9YGFWTIAYTNYTDVMVDVNGS 4713.268I-S1-10YTDVMVDVNGTAITRLFYCDS 4813.732I-S1-11TAITRLFYCDSPLNRIKCQQS 4918.615I-S1-12SPLNRIKCQQLKHELPDGFYS 5018.338I-S1-13LKHELPDGFYSASMLVKKDLS 5117.344I-S1-14SASMLVKKDLPKTFVTMPQFS 52110.324I-S1-15PKTFVTMPQFYHWMNVTLHVS 5319.219I-S1-16YHWMNVTLHVVLNDTEKKYDS 5416.259I-S1-17VLNDTEKKYDIILAKAPELAS 5514.608I-S1-18IILAKAPELAALADVHFEIAS 5614.483I-S1-19ALADVHFEIAQANGSVTNVTS 5714.167I-S1-20QANGSVTNVTSLCVQARQLAS 5818.37I-S1-21SLCVQARQLALFYKYTSLQGS 5919.243I-S1-22LFYKYTSLQGLYTYSNLVELS 6016.34I-S1-23LYTYSNLVELQNYDCPFSPQS 6113.355I-S1-24QNYDCPFSPQQFNNYLQFETS 6213.355I-S1-25QFNNYLQFETLCFDVNPAVAS 6313.355I-S1-26LCFDVNPAVAGCKWSLVHDVS 6415.235I-S1-27GCKWSLVHDVQWRTQFATITS 6518.38I-S1-28QWRTQFATITVSYKHGSMITS 66110.369I-S1-29VSYKHGSMITTHAKGHSWGFS 67110.156I-S1-30THAKGHSWGFQDTSVLVKDES 6816.26

2.2. Cell cultures {#sec0020}
------------------

Felis catus whole fetus-4 (fcwf-4) cells, Crandell feline kidney (CrFK) cells (ATCC CCL-94), and swine kidney (CPK) cells were grown in Eagles' minimum essential medium containing 50% L-15 medium, 10% fetal calf serum (FCS), 100 unit/mL penicillin and 100 mg/mL streptomycin. The cells were maintained in a humidified 5% CO~2~ incubator at 37 °C. Fcwf-4 cells were supplied by Dr. M. C. Horzinek of State University Utrecht, The Netherlands. CPK cells were supplied by Kitasato Institute, Tokyo, Japan.

2.3. Monoclonal antibodies (MAbs) {#sec0025}
---------------------------------

MAb 5-6-2 (IgG1) and MAb F19-1 (IgG1) were used in the present study. MAb 5-6-2 and MAb F19-1 were developed in our laboratory and respectively recognize S protein and M protein of virus, as demonstrated by immunoblotting ([@bib0095], [@bib0100]).

2.4. Viruses {#sec0030}
------------

Type I FIPV strain KU-2, strain Black, strain UCD-1, type II FIPV strain 79-1146, TGEV strain To-163, CCoV strain 1-71, feline herpesvirus (FHV) strain C7301, and feline calicivirus (FCV) strain F4 were used in this study. FIPV strain KU-2 was isolated in our laboratory. FIPV strain Black was supplied by Dr. J. K. Yamamoto of the University of Florida. FIPV strain UCD-1 was supplied by Dr. N. C. Pedersen of the University of California, Davis. FIPV strain 79-1146 was supplied by Dr. M. C. Horzinek of State University Utrecht, The Netherlands. TGEV strain To-163 was supplied by National Institute of Animal Health of Japan. FHV strain C7301, and FCV strain F4 were supplied by Dr. E. Takahashi of the University of Tokyo, Japan. FIPV and TGEV, were passaged in fcwf-4 cells and CPK cells, respectively, FHV and FCV were passaged CrFK cells. Virus was passaged two or three times in our laboratory and used in subsequent experiments. Strain KU-2 with a potency of 2.4 × 10^4^  pfu/mL was used in all experiments.

2.5. Influences of polycations and polyanions on FIPV infection {#sec0035}
---------------------------------------------------------------

DEAE-dextran (GE Healthcare UK Ltd., England), polybrene (Sigma--Aldrich, U.S.A.), and protamine (Sigma--Aldrich, U.S.A.) were used as polycations. Dextran sulfate (GE Healthcare UK Ltd., England) and heparin (Ajinomoto, Japan) were used as polyanions. FIPV strain KU-2 was diluted with medium containing a polycation or polyanion at various concentrations. fcwf-4 cells seeded on 6-well plates were inoculated with 10 μL of a 1000 pfu/mL viral suspension and incubated at 37 °C for 60 min. After incubation, cells were washed with medium and 1 mL of medium containing 2% FCS and 1.5% carboxymethyl cellulose was added to each well. The cultures were incubated at 37 °C for 2 days, fixed in 10% buffered formalin, and stained with 1% crystal violet.

2.6. Plaque inhibition test {#sec0040}
---------------------------

A peptide stock solution was diluted with medium containing 2% FCS and DEAE-dextran (25 μg/mL), and 90 μL of this solution was added to fcwf-4 cells seeded on 24-well plates, followed by their incubation at RT for 30 min. Cells were sensitized with DMSO diluted to the same fold as peptide stock solutions as the solvent control. The cells were then inoculated with 10 μL of an 8000 pfu/mL viral suspension without washing and incubated at 37 °C for 30 min. After incubation, cells were washed with medium and 1 mL of medium containing 2% FCS and 1.5% carboxymethyl cellulose was added to each well. The cultures were incubated at 37 °C for 2 days, fixed in 10% buffered formalin, and stained with 1% crystal violet. The percent plaque inhibition was calculated by the following formula: Plaque inhibition (%) = {(plaque number of well containing virus alone − plaque number of well containing peptide or DMSO)/plaque number of well containing virus alone} × 100.

To investigate whether or not changes of peptides influence the effect of polycation, a plaque inhibition test was performed using medium containing DEAE-dextran (0, 25, or 250 μg/mL).

2.7. Reaction conditions for peptides to exhibit inhibitory effect on FIPV infection {#sec0045}
------------------------------------------------------------------------------------

To investigate the reaction conditions needed by peptides to exhibit inhibitory effect on FIPV infection, peptide-treated cells were washed and then inoculated with the virus. Cells were combined with a diluted peptide solution (100 μM) or 1% DMSO (solvent control) and reacted at RT for 30 min. These cells were then washed and combined with 90 μL of medium containing 2% FCS and DEAE-dextran, followed by inoculation with 10 μL of the 8000 pfu/mL virus suspension. The procedure thereafter was the same as described above. At the same time, whether the peptide exhibited inhibitory effect on FIPV infection without the pre-sensitization of cells was investigated: Cells were combined with 90 μL of medium containing 2% FCS and DEAE-dextran and kept standing at RT for 30 min. The medium was then removed and the cells were inoculated with a mixture of the virus and peptide or DMSO.

2.8. Flow cytometric analysis {#sec0050}
-----------------------------

A mixture of the peptide (100 μM) and type II FIPV strain 79-1146 (MOI = 40) was added to 5 × 10^4^  cells and reacted at 4 °C for 1 h. A mixture of 1% DMSO (solvent control) and the virus was added to cells as a control. The cells were washed three times in ice-cold medium containing 0.1% NaN~3~, and incubated with MAb 5-6-2 and MAb F19-1 at 4 °C for 30 min. The cells washed and resuspended with fluorescein isothiocyanate (FITC)-conjugated F(ab)′2 of goat anti-mouse IgG antibody (MP Biomedicals, LLC-Cappel Products, U.S.A.). After incubation at 4 °C for 30 min, cells were washed and the fluorescein intensity of cells were determined by counting about 5000 cells on a flow cytometer (Cytomics FC500, Beckman Coulter, U.S.A.). The percent inhibition of fluorescein intensity was calculated by the following formula: inhibition of fluorescein intensity (%) = {(mean fluorescein intensity (MFI) of sample containing virus alone − MFI of sample containing peptide or DMSO)/MFI of sample containing virus alone} × 100.

2.9. Protein sequence {#sec0055}
---------------------

The amino acid sequences of the coronavirus S protein were referred to Genbank. The accession numbers were [AAB47503.1](ncbi-p:AAB47503.1){#intr0005} (type I FIPV strain KU-2), [AB088223.1](ncbi-n:AB088223.1){#intr0010} (strain Black), [AB088222.1](ncbi-n:AB088222.1){#intr0015} (strain UCD-1), and [AGZ84516.1](ncbi-p:AGZ84516.1){#intr0020} (type II FIPV strain 79-1146). An alignment comparison of the amino acid sequence of the full-length S protein was performed using ClustalW (<http://clustalw.ddbj.nig.ac.jp/>). The results of the alignment comparison are shown in [Fig. 1](#fig0005){ref-type="fig"} .Fig. 1Amino acid sequence homology of the alpha coronavirus S protein. An alignment comparison of the S protein amino acid sequences among type I FIPV strains (KU-2, Black, and UCD-1) and type II FIPV strain 79-1146 was performed using ClustalW.

2.10. Statistical analysis {#sec0060}
--------------------------

Data from two groups were analyzed by the Student\'s *t* test and multiple groups were analyzed by Tukey--Kramer method or Dunnett\'s test. The Tukey--Kramer method was only used to investigate the reaction conditions needed by peptides to exhibit inhibitory effect on FIPV infection. Multiple groups in other experiments were analyzed using Dunnett\'s test.

3. Result {#sec0065}
=========

3.1. Influences of polyanions and polycations on Type I FIPV infection {#sec0070}
----------------------------------------------------------------------

The influences of the polyanions and polycations on Type I FIPV infection were investigated. When the polyanions, dextran sulfate and heparin, were added to culture medium, the infection efficiency of FIPV strain KU-2 was decreased ([Fig. 2](#fig0010){ref-type="fig"} ). In contrast, when the polycations, DEAE-dextran, polybrene, and protamine, were added, its infection efficiency was markedly enhanced as the polycation concentration was increased.Fig. 2Influences of polycations and polyanions on type I FIPV infection efficiency. Serial dilutions of polycations or polyanions were added to culture medium and used to dilute type I FIPV strain KU-2. fcwf-4 cells were then inoculated with these viral suspensions. After allowing 1 h for viral adsorption, the cells were washed, and medium containing 2% FCS and 1.5% carboxymethyl cellulose was added to each well. The cells were cultured at 37 °C for 2 days and then stained with 1% crystal violet. The plaque formation rate was calculated by the following equation: Percentage of the plaque = {(Number of plaques in a well inoculated with a viral suspension diluted with polycation- or polyanion-containing medium/number of plaques in a well inoculated with a viral suspension diluted with medium containing no polycation or polyanion)} × 100. Experiments were performed in triplicate, and the figure shows mean ± standard errors.

3.2. Search for type I FIPV S protein-derived peptides inhibiting FIPV infection {#sec0075}
--------------------------------------------------------------------------------

We synthesized overlapping peptides based on the amino acid sequence of the S1 domain of the type I FIPV strain KU-2 S protein, in which the presence of RBD is expected. The inhibitory effects of peptides on infections with homologous strain KU-2 were investigated using the plaque assay. Based on the polycation-induced enhancement of infection observed above, MEM containing 25 μg/mL of DEAE-dextran was used. fcwf-4 cells seeded on 24-well plates were combined with 90 μL of peptide solution diluted to 100 μM and reacted at RT for 30 min. The cells were then inoculated with 10 μL of an 80 pfu/10 μL viral suspension without washing. Of the 30 peptides tested, I-S1-8, I-S1-9, I-S1-10, I-S1-16, and I-S1-22 significantly inhibited the infectivity of FIPV strain KU-2 ([Fig. 3](#fig3){ref-type="fig"} A) in a dose-dependent manner ([Fig. 3](#fig3){ref-type="fig"}B and C).Fig. 3Search for type I FIPV S protein-derived peptides that inhibit FIPV infection. (A) Rates of plaque reductions by type I FIPV S protein-derived peptides. fcwf-4 cells were incubated with peptide (100 μM) or 1% DMSO (solvent control) for 30 min at RT. Then, cells were infected with type I FIPV strain KU-2 in the presence of peptide or 1% DMSO (solvent control). After washing, the number of plaque reduction was calculated. Experiments were performed in triplicate, and the figure shows mean ± standard errors. (B) Morphology of type I FIPV strain KU-2-induced plaques in fcwf-4 cells infected with the virus in the presence of the peptide adjusted to 160, 80, and 40 μM or DMSO (solvent control). (C) Rates of plaque reductions by serial dilutions of peptides. fcwf-4 cells were reacted with peptides adjusted to 160, 80, and 40 μM and then inoculated with type I FIPV strain KU-2. Experiments were performed in triplicate, and the figure shows mean ± standard errors. \**p* \< 0.05 vs. DMSO \*\**p* \< 0.01 vs. DMSO.

The isoelectric points of peptides that inhibited FIPV infection were acidic, particularly, I-S1-8, 9, and 10, suggesting that viral infection was inhibited through reduction of the effect of polycation (DEAE-dextran) by the peptides. Thus, we changed the DEAE-dextran concentration and investigated the infection-inhibitory effects of the peptides ([Fig. 4](#fig0020){ref-type="fig"} ). I-S1-9 and I-S1-16 inhibited viral infection regardless of the DEAE-dextran concentration. In contrast, I-S1-18 did not inhibit infection at any concentration of DEAE-dextran, although its isoelectric point was as low as that of I-S1-8.Fig. 4Influence of charge of medium on infection-inhibitory effect of peptide. Peptides and the virus were diluted with medium containing DEAE-dextran at various concentrations (0, 25, or 250 μg/mL). Fcwf-4 cells were incubated with peptide (100 μM) or 1% DMSO (solvent control) for 30 min at RT. Then, cells were infected with type I FIPV strain KU-2 in the presence of peptide or 1% DMSO (solvent control). After washing, the number of plaque reduction was calculated. horizontal striped bar; I-S1-9, black bar; I-S1-16, gray bar; I-S1-18, hatched bar; DMSO .Experiments were performed in triplicate, and the figure shows mean ± standard errors.

3.3. Reaction conditions for peptides to exhibit inhibitory effect on FIPV infection {#sec0080}
------------------------------------------------------------------------------------

The reaction conditions needed by peptides to exhibit inhibitory effect on FIPV strain KU-2 infection were investigated. When cells were washed after the reaction with the peptide and then inoculated with the virus, the inhibitory effect of I-S1-9, I-S1-16, and I-S1-22 were significantly decreased ([Fig. 5](#fig0025){ref-type="fig"} ). When cells were simultaneously reacted with the peptide and virus without the peptide pretreatment, all peptides inhibited infection by 40% or higher, and the inhibitory effects of I-S1-16 were equivalent to those observed in cells pretreated with the peptide before the inoculation with the virus.Fig. 5Reaction conditions for peptides to exhibit an inhibitory effect on type I FIPV infection. White bar; cells were pretreated with peptides and inoculated with the virus, black bar; cells were pretreated with peptides and washed before the virus inoculation, gray bar; cells were inoculated with a mixture of peptides and the virus without the pretreatment with peptides. Experiments were performed in triplicate, and the figure shows mean ± standard errors.

3.4. Antiviral effects of peptides on type I and II FIPV, feline herpesvirus, and feline calicivirus {#sec0085}
----------------------------------------------------------------------------------------------------

The inhibition of infections by other FIPV strains, FIV, and FCV using I-S1-9 and I-S1-16, which exhibited marked inhibitory effects on type I FIPV strain KU-2 infections, was investigated. I-S1-9 and I-S1-16 significantly inhibited infections by the type I FIPV strains UCD-1 and Black ([Fig. 6](#fig0030){ref-type="fig"} ). These also significantly inhibited infections by type II FIPV strain 79-1146. The inhibitory effects of I-S1-9 on FIPV strain 79-1146 infection were equivalent to that on FIPV strain KU-2. In contrast, no inhibitory effects on infection were observed on FHV strain C7301 and FCV strain F4 by any of these peptides.Fig. 6Antiviral effects of peptides against type I and II FIPV, feline herpesvirus, and feline calicivirus. fcwf-4 cells were incubated with peptide (100 μM) or 1% DMSO (solvent control) for 30 min at RT. Then, cells were infected with type I FCoV strains KU-2, UCD-1, or Black, typeII FCoV strains 79-1146, FHV strain C7301, or FCV strain F4, respectively. After staining, reductions in the number of plaques were calculated. horizontal striped bar; I-S1-9, black bar; I-S1-16, gray bar; DMSO. Experiments were performed in triplicate, and the figure shows mean ± standard errors.

3.5. Inhibitory effects of peptides on FIPV adsorption to fcwf-4 cells {#sec0090}
----------------------------------------------------------------------

We determined whether the peptides examined decreases viral adsorption efficiency using flow cytometric analysis. The peptide, I-S1-9, which exhibited the most potent inhibitory effects on FIPV infection, was used.

A peak was present at 420 on a fluorescence intensity (FL1 Lin) histogram of fcwf-4 cells without viral adsorption. When the virus was adsorbed to fcwf-4 cells, the peak of the fluorescence intensity shifted to 620 ([Fig. 7](#fig7){ref-type="fig"}A). Similarly, when fcwf-4 cells were inoculated with a mixture of DMSO and the virus, the peak of the histogram shifted to 575 ([Fig. 7](#fig7){ref-type="fig"}A). In contrast, when cells were inoculated with a mixture of the virus and I-S1-9, the peak was present at 470 ([Fig. 7](#fig7){ref-type="fig"}B), i.e., the peak after inoculation with the virus/-S1-9 mixture shifted left to a greater extent than those after the inoculation with the virus alone and virus/DMSO mixture.Fig. 7Inhibitory effects of a peptide on FIPV adsorption to fcwf-4 cells. A mixture of a peptide (I-SI-9, 100 μM) and type II FIPV strain 79-1146 (MOI = 40) was added to 5 × 10^4^ fcwf-4 cells and reacted at 4 °C for 1 h. A mixture of 1% DMSO (solvent control) and the virus was added to cells as the control. The cells were washed and incubated with MAb 5-6-2 and MAb F19-1 at 4 °C for 30 min. The cells washed and reacted with FITC-conjugated F(ab)′2 of goat anti-mouse IgG antibody. After incubation at 4 °C for 30 min, cells were washed and the fluorescein intensity of cells were determined by counting about 5000 cells on a flow cytometer. (A and B) Fluorescence intensity histograms of fcwf-4 cells inoculated with a mixture of DMSO or a peptide and the virus Black line; cells treated with medium, dotted line; cells inoculated with virus, red line; Cells inoculated with a mixture of DMSO or a peptide and the virus. (C) The percent inhibition of virus absorption. The percentage inhibition was calculated from the mean fluorescein intensity (MFI) regarded as a level of viral adsorption to fcwf-4 cells in each sample. The inhibition of viral adsorption by DMSO or a peptide was calculated using the following equation: inhibition of virus absorption (%) = {(MFI of sample containing virus alone − MFI of sample containing peptide or DMSO)/MFI of sample containing virus alone} × 100. Experiments were performed in triplicate, and the figure shows mean ± standard errors.

The level of viral adsorption to fcwf-4 cells was evaluated based on the mean fluorescence intensity (MFI), i.e., the rate of inhibition of viral adsorption by the peptide was calculated. The viral adsorption level was significantly lower on fcwf-4 cells inoculated with the I-S1-9/virus mixture than on those inoculated with the DMSO/virus mixture ([Fig. 7](#fig7){ref-type="fig"}C).

4. Discussion {#sec0095}
=============

We synthesized overlapping peptides based on the amino acid sequence of the type I FIPV strain KU-2 S protein, and investigated the inhibitory effects on type I FIPV and type II FIPV infection of these peptides.

Type I FIPV poorly replicates in cells ([@bib0105]). To evaluate the inhibitory effects on type I FIPV infection of these peptides, we initially investigated a method to increase the infection efficiency of type I FIPV. To accurately evaluate inhibitory effect on type I FIPV infection, we examined the addition of a polycation or polyanion to a diluted viral suspension. When a viral suspension was diluted with medium containing a polycation and subjected to the infection of fcwf-4 cells, the number of Type I FIPV plaques increased in a manner dependent on the polycation concentration. In contrast, when a viral suspension was diluted with polyanion-containing medium, the number of plaques decreased in a manner dependent on the polyanion concentration. A polycation-induced increase and polyanion-induced decrease in viral infection efficiency have been reported for other viruses, such as TGEV, MHV, and vesicular stomatitis virus (VSV) ([@bib0020], [@bib0075], [@bib0170]). [@bib0020] demonstrated that positively charged polycations increased electrostatic interactions between viral particles and cell surfaces, promoting the binding of viral particles to the cells. Similarly, the polycation may have enhanced electrostatic interactions between the virus and cell surface and increased type I FIPV infection efficiency.

Of the 30 overlapping peptides synthesized, I-S1-8, I-S1-9, I-S1-10, I-S1-16, and I-S1-22 significantly decreased the type I FIPV strain KU-2 infection rate. The isoelectric points of these peptides were acidic, suggesting that the peptides reduced the effect of the polycation and decreased the number of plaques. However, I-S1-9 and I-S1-16 significantly inhibited type I FIPV strain KU-2 infection regardless of the polycation concentration. Moreover, I-S1-18 showed no infection-inhibitory effect although its isoelectric point was as low as that of I-S1-9. Based on these findings, the infection-inhibitory effect was exhibited regardless of the charge of the peptides. In addition, I-S1-8 and I-S1-10 partially overlapped the amino acid sequence of I-S1-9, and these peptides have similar inhibitory effect as I-S19. In contrast, I-S1-7 (partially overlapping I-S1-8) and I-S1-11 (partially over lapping I-S1-10) did not show inhibitory effect. These findings suggested that the amino acid sequence of I-S1-9 was very important for exhibiting inhibitory effects on FIPV infection.

In the present study, we synthesized overlapping peptides based on the amino acid sequence of the S1 domain of the type I FIPV strain KU-2 S protein, in which the presence of RBD is expected. On the basis of previous reports, the S1 domain of FIPV is expected to involve in RBD ([@bib0050], [@bib0215], [@bib0205]). Li et al. reported that a JEV RBD-derived peptide inhibited JEV infection by competitively blocking the binding of JEV to cells ([@bib0145], [@bib0140]). [@bib0215] reported TGEV RBD. I-S1-9 and I-S1-16 regions, which exhibited inhibitory effects on type I and II FIPV infection, were included in TGEV RBD. In the inhibition test of FIPV adsorption to fcwf-4 cells by I-S1-9, viral binding to fcwf-4 cells was found to be reduced. Based on this result, it was assumed that at least I-S1-9 competitively inhibited viral binding to cells, which significantly decreased FIPV infection efficiency. However, inhibitory effects on FIPV infection were markedly decreased when cells were inoculated with the virus after being pre-sensitized with I-S1-9 and I-S1-16 peptides and washed. These findings indicate that the peptides interact with virus protein, but not with cellular virus receptors. However the data in [Fig. 5](#fig0025){ref-type="fig"} could be explained by the internalization of peptide-bound receptor, and replacement by a new population via membrane recycling. Further investigations are beeded to elucidate the action mechanism of these peptides in more detail.

S1-9 and I-S1-16 exhibited marked inhibitory effects on type I FIPV infection in the experiment. We investigated the inhibitory effects of these peptides on other type I and II FIPV strains, FHV, and FCV infection. I-S1-9 significantly inhibited both type I and II FIPV infections by 50% or more. I-S1-16 inhibited infections with all type I FIPV strains by 50% or more, but its effect on type II FIPV infection was less than 50%. In a comparison of the amino acid sequence of the S protein among the coronavirus strains, the I-S1-16 amino acid sequence showed 75-80% identity and 90% similarity to type I FIPV, excluding KU-2, but only 20% identity and 30-35% similarity to type II FIPV ([Fig. 1](#fig0005){ref-type="fig"}), suggesting that the reduced inhibitory effects of I-S1-16 on type II FIPV infection were attributed to reduced amino acid sequence homology. In contrast, the I-S1-9 amino acid sequence was well conserved between type I and II FIPV. These results suggest that I-S1-9 has broad antiviral activity against feline coronavirus regardless of serotypes. Furthermore, the similarity of the effect between type I and type II FIPV suggests that there is a common receptor binding site for the two viruses. However, previous studies showed that type I and type II FIPV have distinct receptors ([@bib0080], [@bib0115]). The reasons for this discrepancy are unknown. In any case, to elucidate it, identification of the virus receptor for type I FIPV is necessary.

FIPV is serologically classified into types I and II, but both types induce FIP in cats. These 2 types do not serologically cross-react with each other ([@bib0195], [@bib0225]). Since type II FIPV more actively replicates in cell lines and is more pathogenic for cats, previous studies on FIPV and anti-FIPV agents were performed using type II FIPV; however, studies have not yet been conducted to search for effective antiviral agents against type I FIPV. Since many cats are infected with type I FIPV in the field, it is important for clinical veterinarians to prepare an anti-FIPV agent effective against type I FIPV ([@bib0005], [@bib0090], [@bib0135], [@bib0225]). In the present study, we identified peptides exhibiting coronavirus-specific infection-inhibitory effects. I-S1-9 and I-S1-16 showed marked inhibitory effects on all type I FIPV strains infection, suggesting that these peptides are also effective for wild strains. In addition, I-S1-9 showed marked inhibitory effects on not only type I, but also type II FIPV infection, suggesting its practical applicability as an anti-FIPV agent.

The blood elimination half-life of peptide preparations is generally short, and modifications with polyethylene glycol are applied to prolong the half-life ([@bib0010], [@bib0175], [@bib0220]). [@bib0155] reported that an intramolecular circularized peptide became more resistant to enzymes in the circulation and brain. A half-life-extending method through the fusion of a peptide with albumin and the immunoglobulin Fc domain has also been reported ([@bib0015], [@bib0230], [@bib0260], [@bib0265]). The applicability of these modification methods needs to be investigated before these modified peptides can be administered to cats.

5. Conclusion {#sec0100}
=============

The possibility of peptides derived from the S protein of type I FIPV strain KU-2 as anti-FIPV agents effective not only for type I, but also type II FIPV was demonstrated in vitro. Investigations on peptide modification methods and the in vivo effects of these peptides are desired.
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